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ABSTRACT 
 
Single particle spectroscopy in the form of three-dimensional optical manipulation of an 
upconverting nanoparticle is here used for non-invasive thermal sensing at the cellular level. In 
particular, a single infrared 980 nm laser beam is used as a three-dimensional optical tweezer 
and, simultaneously, as an optical excitation source for a single NaYF4:Er
3+,Yb3+ upconverting 
particle. Real time analysis of the thermosensitive green emission of Er3+ ions obtained after 
Yb3+ excitation provides thermal sensing during optical manipulation. Thus, three-dimensional 
particle scanning allows for the measurement of thermal gradients in the surroundings of 
individual cancer cells subjected to a plasmonic-mediated photothermal therapy. It is found that 
such thermal gradients extends for distances larger than 10 microns, avoiding real single cell 
photothermal treatments under in vitro conditions. This work introduces to the scientific 
community a novel and simple approach for high resolution thermal sensing at the cellular level 
that could constitute a powerful tool for a better understanding of cell dynamics during thermal 
treatments. 
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Photothermal treatment of cancer cells consists in a controlled heating above their physiological 
temperature (37 ºC) by means of an external light source. Therapeutic effects of such heating 
arise from the activation of different biological, physical and chemical phenomena that could 
result in permanent or temporal modifications at the cellular level.[1] The alterations induced in 
the treated cells strongly depend on the amount of heating, ranging from transient to irreversible 
damage when temperature is increased from 41 up to 60ºC. [2] Despite the existence of different 
cell damage types, there is still a big lack of knowledge concerning the exact cellular 
mechanisms responsible of them. Such knowledge requires the design and performance of 
photothermal experiments at the single cell level. The simultaneous developing of 
nanotechnology and bioimaging techniques have made such experiments possible. First results 
evidenced that a proper interpretation of single cell photothermal treatments needs an accurate 
monitoring of both intracellular and extracellular temperatures. [3] While intracellular 
temperature is necessary to explain the damage induced in the cell under treatment, the exact 
knowledge of the thermal gradient created in its surroundings is fundamental to explain the 
damage appearing in neighboring cells.[4] The magnitude and extension of thermal gradients in 
the surrounding of cells and other heating objects in aqueous media have been estimated and 
postulated in the past, but neither have been experimentally measured.[5] 
Thermal sensing at the cellular level should be achieved with minimum perturbation, i.e. in 
absence of physical contact between cells and sensing units.[4, 6, 7] Among the different 
approaches proposed for contactless cellular sensing, the use of Luminescent Thermometry 
(LT) has been found to be especially interesting.[8, 9] LT is based on the use of luminescent 
probes (Luminescent Thermometers, LThs) which optical properties show a remarkable 
temperature dependence.[8, 10, 11, 12] In most cases, thermal sensing at cellular level has been 
achieved after massive incorporation of LThs into the cells. Based on this approach, several 
groups have managed to get high resolution thermal images of living cells and individual living 
organisms during photothermal treatments.[6, 12, 13] Nevertheless, such a massive incorporation 
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could lead to the appearance of undesirable cytotoxic effects.[14] An alternative approach 
consists in the incorporation into the cellular environment of a single LTh that could be 
remotely controlled.[15, 16] Optical Trapping (OT) is a versatile and reliable non-contact tool for 
three-dimensional manipulation of colloidal micro/nano sized objects.[17, 18, 19] OT is based on 
the forces exerted by a tightly focused laser beam on micro/nanoparticles due to momentum 
exchange or to the field induced changes in their polarizability. OT of colloidal LThs is, in 
principle, possible with the additional advantage of simultaneous excitation of their 
luminescence if the wavelength of the trapping beam is tuned to any absorption band of the 
LTh. Under this approach, thermal reading at the laser trap position (through particle 
luminescence) and three dimensional localization of LTh, become possible.[19, 20] Despite the 
great potential of this approach and its apparent technical simplicity, it still remains an 
unexplored possibility.  
In this work we have demonstrated that thermal scanning at the cellular level is possible by a 
simple single-beam-single-particle approach. The novelty of this approach is that it involves 
simultaneous OT and luminescence analysis of a single LTh. This possibility has been 
demonstrated by using colloidal NaYF4:Er
3+,Yb3+ particles as sensing units. The choice of such 
particular crystal particles is motivated by their outstanding ratiometric thermal sensitivity (>10-
2 ºC-1).[10] The potential of OT-assisted contactless thermal sensing for in vitro studies has been 
demonstrated by measuring the thermal gradients created in the surroundings of a single cancer 
cell subjected to a plasmonic mediated photothermal therapy. 
Figure S1(a) in the Supporting Information includes the Scanning Electron Microscopy (SEM) 
images and size histograms of the different NaYF4:Er
3+,Yb3+ particles used in this work. Up to 
four different hexagonal NaYF4:Er
3+,Yb3+ particles have been investigated, with dimensions 
(thickness, diameter) of (0.4 µm, 0.8 µm), (0.5 µm, 1.5 µm), (0.7 µm, 2 µm) and (1.6 µm, 3 
µm), respectively. All the samples showed a high structural quality (see Figure S1(b)) as well 
good colloidal stability in distilled water. Figure 1(a) shows the experimental setup used for 
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OT of a single NaYF4:Er
3+,Yb3+ particle (see Figure 1(b)). A diluted aqueous solution of 
NaYF4:Er
3+,Yb3+ particles was introduced in a microchannel, into which a 980 nm laser beam 
was tightly focused by a single microscope objective. When a NaYF4:Er
3+,Yb3+ particle is 
optically trapped, a strong green emission is generated from the trap, as it can be observed in 
Figure 1(a) as well as in the representative video included in the Supporting Information (see 
Video S1). This green emission, generated by Er3+ ions, results from a process known as 
Energy-Transfer assisted Upconversion (see the schematic energy level diagram of Figure 1(c)) 
that has been widely used for biosensing and bioimaging.[21, 22, 23] A typical upconversion 
spectrum in the 500-570 nm spectral range generated by an optically trapped NaYF4:Er
3+,Yb3+ 
particle is included in Figure 1(d). As can be observed in Figure 1(d), Er3+ ions show two intense 
bands centered at 530 and 550 nm that correspond to the 2H11/2→4I15/2 and 4S3/2→4I15/2 
transitions, respectively (see Figure 1(c))[10]. As these emission bands are generated from two 
thermally coupled excited states, the ratio between their emitted intensities is strongly 
temperature dependent allowing for accurate thermal sensing.[21, 23] Figure 1(d) shows the 
luminescence spectra generated by an optically trapped NaYF4:Er
3+,Yb3+ particle (3 µm in 
diameter) as obtained when the aqueous dispersion temperature was set to 10 and 36 ºC. As can 
be observed, a rise in temperature causes an increment in the intensity ratio, R=I1/I2 ratio, 
between the 540 and 525 nm bands. This is due to the temperature-induced increase (decrease) 
of the population of the 2H11/2 (
4S3/2) excited state.
[21] Figure S2 in the Supporting Information 
shows the temperature dependence of the intensity ratio R as obtained from an optically trapped 
NaYF4:Er
3+,Yb3+ (data obtained varying the medium temperature). The observed linear relation 
between R and temperature evidences that the local temperature can be accurately measured 
from the analysis of the luminescence generated by the optically trapped particle. Thermal 
sensitivity of LThs, S, is typically defined as S=(dR/dT)·(R)-1. Linear fit of the included in 
Figure S2 leads to a thermal sensitivity close to 1.6·10-2±0.1·10-2 ºC-1 at 25 ºC. This thermal 
sensitivity is found to be in good agreements with those previously reported for other Er3+,Yb3+ 
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systems.[21] At this point it should be noted that the spectral distribution of the upconversion 
spectrum generated by individual NaYF4:Er
3+,Yb3+ particles has been found to slight vary from 
particle to particle as it is shown in Section S4 of Supporting Information.  
The possibility of 3D manipulation and scanning of a single NaYF4:Er
3+,Yb3+ particle by OT 
in a cellular medium would depend on the magnitude of the optical forces exerted on it that 
should be overcome in order to overcome drag forces created by fluid viscosity. The magnitude 
of OT forces acting on the different NaYF4:Er
3+,Yb3+ particles was measured by the 
hydrodynamic drag method, as explained in detail in Section S3 of the Supporting 
Information.[18, 24] A representative force vs power plot is included in Figure 2(a), from which 
the trapping constant (Ktrap, OT force divided by laser power) can be calculated. Ktrap was found 
to be strongly dependent on both the Numerical Aperture (NA) of the microscope objective and 
the NaYF4:Er
3+,Yb3+ particle size as it was expected.[16] This fact is evidenced in Figure 2(b-c). 
Figure 2(b) shows the dependence of Ktrap on the NaYF4:Er
3+,Yb3+ particle size as obtained for 
a microscope objective of NA=0.8 that produces a laser spot diameter close to 1.4 µm. These 
were found to be the optimum trapping conditions for the 2 µm diameter NaYF4:Er
3+,Yb3+ 
particles. This fact suggests that the optical force is maximized when the NaYF4:Er
3+,Yb3+ 
particle diameter slightly exceeds the laser spot diameter. This suggestion has been 
corroborated in Figure 2(c), in which we have systematically investigated the OT force acting 
on 3 µm sized NaYF4:Er
3+,Yb3+ particles as a function of the NA of the focusing objective. OT 
force is maximum when the NA is set to 0.55, which leads to a laser spot diameter of 2.2 µm 
(slightly smaller than particle size). From Figure 2(c) it is clear that an adequate choice of 
focusing optics could lead to trapping constants as large as 60 fN/mW, allowing for their stable 
scanning in the surroundings of cells by using moderate laser trapping powers. In this sense we 
have to note that, as discussed in Section S5 of Supporting Information, upconversion from 
single particles can be detected by using 980 nm laser powers as low a 1 mW (0.3·105 W/cm2 
power density). Nevertheless, the laser power used during the radial thermal scans was set to 
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be 13 mW (3.6·105 W/cm2 power density) as it ensures thermal resolutions of 1ºC while keeping 
the thermal loading induced by trapping ratiation close to 1ºC (see Section S5 in the Supporting 
Information).[25]  
Once simultaneous OT and thermal sensing from a single NaYF4:Er
3+,Yb3+ particle had been 
demonstrated, we combined them to elucidate the magnitude and spatial extension of the 
thermal gradient created in the surroundings of a cancer cell subjected to a plasmonic based 
photothermal treatment. For such a purpose, we designed the experimental approach 
schematically represented in Figure 3(a) that implies the scanning of an optically trapped 
NaYF4:Er
3+,Yb3+ particle in the surroundings of a HeLa cell. Cells were previously incubated 
with 15x45 nm Gold Nanorods (GNRs). These GNRs have a surface plasmon resonance 
wavelength peak at 808 nm and a heating efficiency close to unity.[10, 26] Efficient intracellular 
incorporation of GNRs was verified by multiphoton fluorescence microscopy (see Figure 4(a) 
and Figure S3). The incorporation of GNRs allowed for intracellular heating by using an 800 
nm laser beam that was focused into the cell by means of a single microscope objective. For 
thermal measurements in the surroundings of the treated cell, NaYF4:Er
3+,Yb3+ particles were 
added to the culture medium. A 980 nm laser beam was used for OT and scanning of a single 
NaYF4:Er
3+,Yb3+ particle. OT and particle scanning in the surroundings of a cell should 
overcome several difficulties that are discussed in detail in Section S6 of Supporting 
Information. The extension and magnitude of thermal gradients in the surroundings of 
individual cells was investigated by performing different “horizontal” thermal scans at different 
particle-to-substrate distances. As explained the Supporting information, the performance of 
horizontal scans minimizes the possible influence of particle-to-substrate interaction in the 
output thermal reading. Figure 3(b) shows an NaYF4:Er
3+,Yb3+ particle (3 µm in diameter, 
indicated by a green circle) that has been optically manipulated in the proximity of a HeLa 
cancer cell incubated with GNRs. The location of the 800 nm heating laser spot inside the HeLa 
cancer cell has been schematically indicated by a red dashed circle. The dashed arrow indicates 
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the horizontal scan pathway. The temperature increment (in respect to medium temperature, 
Tmed = 27 ºC) sensed by the NaYF4:Er
3+,Yb3+ particle at different horizontal (x) distances from 
the cell as obtained at different z heights are included in Figure 3(c), where dots correspond to 
the experimental data and the lines are a guide for the eyes (details about temperature and spatial 
uncertainties can be found in Section S5 of Supporting Information). Figure 3(c) also includes 
(bottom graph) the “control” thermal scan obtained when the 800 nm laser beam was switched 
off, revealing the 800 nm laser radiation as the unique heating source. Figure 4(b) shows the 
magnitude of the extra-cellular heating as a function of the 800 nm laser power as obtained for 
control and GNRs incubated cells. It is found that, for cells containing GNRs, the maximum 
extracellular temperature increases linearly with laser power as it was expected. In absence of 
internalized GNRs (control experiment), no heating was observed. This reveals GNRs as the 
unique light-to-heat conversion particles.  
From the thermal scans included in Figure 3(c), it is clear that plasmonic-mediated heating is 
not restricted to the intracellular volume. On contrary, thermal gradients extend distances larger 
than 10 microns. The existence of such thermal gradients makes real single-cell photo thermal 
treatment not feasible since not only the treated cell but also all cells in its surroundings will be 
heated. The extension of the thermal gradient (T) is here defined as the distance at which 
temperature has been reduced down to 0.5 times the maximum temperature (achieved at the 
begining of the scan). From data included in Figure 3(c) we have estimated T  6 µm that is 
close to the effective radius of the 800 nm laser focal volume. According to the discussion 
included in Section S7 of Supporting Information, this suggest that the treated cell is acting as 
a point heating source. Note that the anslysis of the horizontal scans obtained at different heigths 
also evidences the existence of a vertical thermal gradient with an extension of few microns 
(when the z coordinate is increased from 5 up to 15 µm the magnitude of extarcellular heating 
is reduced by almost 80%). 
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As it is explained in Section S7, the extension of thermal gradients is expected to be strongly 
dependent on the geometry of the heating source. For instance, the extension of thermal 
gradients created by a cylindrical heating source in a microfluidic chamber is expected to be of 
the order of the chamber height. In order to double check the validity of our approach for the 
determination of thermal gradients we designed an additional control experiment that is 
schematically represented in Figure S9(a). In this case, the thermal gradient was created by 
focusing a 1480 nm laser beam (partially absorbed by water see Figure S10) into a 100 µm 
height microchannel. The spatial extension of the thermal pattern created by water absorption 
has been measured by scanning an optically trapped NaYF4:Er
3+,Yb3+ particle in an orthogonal 
direction to the 1480 nm laser beam path. The experimentally measured temperature profile is 
shown in Figure S9(a). The highest temperature (that is proportional to the 1480 nm laser power 
as shown in Figure S9(b)) was obtained at the focus of the 1480 nm laser beam. From the 
temperature profile included in Figure S9, a thermal gradient extension of 100 µm was obtained, 
being this comparable to the chamber height. This well agrees with theoretical predictions for 
heating source with cylindrical symmetry, as it is explained in detail in Section S7. Such 
excellent agreement confirms the reliability of our approach for accurate determination of 
thermal gradients at the microscale. 
3. Conclusion 
In summary, this work demonstrates how thermal sensing in the surroundings of a single cancer 
cell with a micrometric spatial resolution and a sub-degree thermal accuracy is possible by 
remote (contactless) scanning of a single optically driven/excited luminescent thermometer. 
This has been demonstrated by scanning an infrared optically trapped NaYF4:Er
3+,Yb3+ 
upconverting particle. Partial absorption of the 980 nm trapping laser beam allowed for 
simultaneous three-dimensional manipulation and fluorescence ratiometric thermal sensing by 
using a simple experimental design. This novel approach has been used to elucidate the 
magnitude and spatial extension of the thermal gradient appearing in the surroundings of a 
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plasmonic mediated photothermally treated cancer cell. Thermal gradient has been found to 
extend over ten microns affecting surrounding cells and avoiding single cell treatment. 
Results included in this work constitute the first step towards the achievement of minimally 
invasive, contactless, high-sensitivity three-dimensional thermal imaging of microsized 
systems. The results here reported constitute the proof of concept and a wide working field is 
now open for the optimization of the thermal sensing particle and three-dimensional optical 
trapping systems. 
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Experimental Section 
NaYF4:Er
3+,Yb3+ particles synthesis: The NaYF4:Er
3+,Yb3+ particles were synthesized by the 
hydrothermal method. More details about the synthesis process can be found in the Supporting 
Information. 
Optical trapping: NaYF4:Er
3+,Yb3+ particles were optically trapped in a homemade single-
beam optical tweezer setup. Laser radiation coming from a 980 nm single-mode fiber-coupled 
laser diode was used for both trapping and exciting the NaYF4:Er
3+,Yb3+ particle. The 
hydrodynamic drag method was used to calculate the optical forces exerted over the different 
particles. Details about force calculation procedure and the optical system used for optical 
trapping experiments can be found in the Supporting Information. 
Thermal sensing: Luminescence spectra of optically trapped NaYF4:Er
3+,Yb3+ particles was 
spectrally analyzed by a high sensitivity Si CCD camera (Synapse, Horiba) attached to a 
monochromator (iH320, Horiba) all it optically coupled to the single-beam optical tweezers 
setup. Calibration curves were acquired by varying the temperature of the aqueous solution 
contained the optically trapped NaYF4:Er
3+,Yb3+ particle while performing simultaneous 
spectrum acquisition and analysis. Thermal resolution has been estimated from the signal/noise 
ratio of upconverted spectra to be ±1ºC. More detail can be found in the Supporting Information. 
Cell preparation: Single cell plasmonic mediated photothermal treatments were performed on 
HeLa cancer cells after incubation with Gold Nanorods with surface plasmon resonance at 808 
nm. An 800 nm fiber coupled laser diode was focused into a HeLa cell promoting plasmonic 
mediated heating. Heating laser power was set to 15 mW. Further details about the cell 
preparation procedure can be found in the Supporting Information. 
 
Supporting Information 
Supporting Information is available from the Wiley Online Library or from the author. 
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Figure 1. (a) Schematic representation of the experimental setup used in this work for thermal 
sensing by an optically trapped NaYF4:Er
3+,Yb3+ particle (5/0.5 mol%). (b) A typical scanning 
electron microscopic image of NaYF4:Er
3+,Yb3+ particle, showing a clear hexagonal 
morphology. (c) Simplified energy level diagram showing the temperature sensitive energy 
levels, 2H11/2 and 
4S3/2, (in highlighted colors) and the corresponding energy transition processes. 
(d) Emission spectra obtained from a single optically trapped NaYF4:Er
3+,Yb3+ particles at two 
different temperatures. The intensity ratio I1/I2 is highly temperature-sensitive. 
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Figure 2. (a) Optical trapping force on a NaYF4:Er3+,Yb3+ particles as a function of the 980 nm 
laser power. Numerical aperture of the focusing objective was 0.55. Inset shows a diagram 
indicating how the optical force is measured in this work. (b) Optical trapping constant (Ktrap) 
as a function of the diameter of the particle. Data were obtained using a NA = 0.8 focusing 
objective. Dots correspond to the experimental data and the solid line is a guide for the eyes. 
(c) Optical trapping constant (Ktrap) as obtained for a 3 µm in diameter NaYF4:Er
3+,Yb3+ 
particles as a function of the numerical aperture of the focusing objective. Dots are experimental 
data and the solid line is a guide for the eyes. 
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Figure 3. (a) Schematic representation of the experimental setup used for thermal scanning in 
the surroundings of a HeLa cell subjected to a plasmonic mediated photothermal treatment. The 
thermal scan direction is indicated with a yellow arrow. (b) The optical transmission image of 
the HeLa cancer cells after incubation with GNRs. The dashed circle indicates the position of 
the (heating) 800 nm laser spot. The presence of the NaYF4:Er
3+,Yb3+ particle used for thermal 
measurements is also indicated by a green dashed circle. (c) Upper part. Temperature decay 
measured from cell surface for three heights (distances from substrate). Dots are experimental 
data, and lines are a guide for the eyes. Down part. Control thermal scan performed in absence 
of the 800 nm heating laser. 
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Figure 4. (a). Luminescence (upper part) and optical (lower part) images of the used HeLa cells 
incubated with (left) and without (right) GNRs. A clear difference in the luminescence denotes 
the presence of GNRs inside the cells. (b). Maximum temperature increment induced in the 
surrounding of a cell incubated with (purple data) and without (pink data) as a function of the 
laser power of the 800 nm laser heating.  
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